Contrary to previous studies that identified the ground state crystal structure of the entire R3Co series (R is a rare earth) as orthorhombic P nma, we show that Y3Co undergoes a structural phase transition at Tt ≃ 160 K. Single crystal neutron diffraction data reveal that at Tt the trigonal prisms formed by a cobalt atom and its six nearest-neighbor yttrium atoms experience distortions accompanied by notable changes of the Y-Co distances. The formation of the low-temperature phase is accompanied by a pronounced lattice distortion and anomalies seen in heat capacity and resistivity measurements. Density functional theory calculations reveal a dynamical instability of the P nma structure of Y3Co. In particular, a transversal acoustic phonon mode along the (00ξ) direction has imaginary frequencies at ξ < 1/4. Employing inelastic neutron scattering measurements we find a strong damping of the (00ξ) phonon mode below a critical temperature Tt. The observed structural transformation causes the reduction of dimensionality of electronic bands and decreases the electronic density of states at the Fermi level that identifies Y3Co as a system with the charge density wave instability.
I. INTRODUCTION
The effects of a crystal structure transformation due to subtle atomic displacements have attracted much attention because they can lead to drastic changes in the electronic and magnetic properties of solids. For example, in a number of multiferroic compounds the electric dipole moments typically develop from very small spontaneous deformations in the crystal structure.
1 The cuprate high-temperature superconductors where superconductivity emerges in the proximity of, or in competition with, a charge-density wave (CDW) provide another example of materials where subtle atomic distortions play an essential role. 2 Currently most of the research on the subject is focused on strongly correlated oxides, although it is obvious that such phenomena could occur in intermetallic compounds as well. Charge and spin density waves introduce a new periodicity in intermetallics, thereby breaking the lattice periodicity which defines their band structure. In particular, the direct evidence of CDW formation was found in ternary rareearth transition-metal silicides R 5 Ir 4 Si 10 .
3, 4 The results of the x-ray diffraction confirmed the existence of both incommensurate and commensurate CDW states in these compounds. The formation of the CDW driven by the nesting of the Fermi surface and hosted within Te layers was detected in tritellurides RTe 3 .
5, 6 The reduction of the size of the Fermi surface at the transition has been studied extensively. 7 Anomalous in the electrical resistivity of nonmagnetic compounds Y 2 CoIn 8 , Y 2 CoGa 8 and Dy 2 CoGa 8 were also proposed to arise due to a CDWinduced anisotropic energy gap at the Fermi surface. 8 Moreover, high interest in tiny atomic displacements was reinforced recently when a purely electronic picture of CDW was stringently tested. 9, 10 The coordinated action of electronic and ionic subsystems, i.e. the electronphonon correlations was found to be responsible for the CDW instability in prototypical CDW materials CeTe 3 and MSe 2 , M=Nb, Ta, Ti.
Binary intermetallic systems containing rare earth metals, such as R 3 Co (R is rare earth or yttrium) have been studied for more than three decades for their diversity of interesting properties. They usually exhibit complicated magnetic behavior, depending on the rare-earth, including metamagnetic transitions, 11, 12 giant magnetoresistance, 13 a substantial magnetocaloric effect 14 and superconductivity. 15 Co ions do not possess any ordered magnetic moment in R 3 Co.
12
Y 3 Co with a nonmagnetic rare-earth site often serves as a reference system in systematic studies over the R 3 Co series, but is also an interesting system in its own right. A pronounced anomaly in the temperature dependent resistivity around T t ≃ 160 K was reported more than twenty years ago but its origin was never satisfactorily explained. 16 The anomaly was discussed in terms of interactions of the localized cobalt magnetic moments that is in contradiction with the later results of magnetic measurements. 13 A small hump of the specific heat curve around 160 K was also observed but never discussed.
13
The crystal structure was repeatedly reported to be orthorhombic Fe 3 C-type structure (P nma space group) for entire R 3 Co series at all temperatures. 17, 18 Thus, the origin of the observed phenomena remained unclear.
In this work, using elastic and inelastic neutron scat-tering (INS) and density functional theory (DFT) calculations, we show that Y 3 Co undergoes a structural phase transition at T t ≃ 160 K. The formation of this new phase is evident by a pronounced lattice distortion, and heat capacity and resistivity anomalies. We suggest that the nature of the observed anomalies at T t may be attributed to the formation of low-dimensional electronic bands with decreased density of states (DOS) at the Fermi level N (E F ) below the transition temperature.
II. EXPERIMENTAL
Y 3 Co samples were prepared by arc melting of the elements in a helium atmosphere. Several single crystals with largest dimensions of approximately 4 × 4 × 5 mm 3 were grown by remelting the ingots at temperatures just above the peritectic point in a resistance furnace with a high temperature gradient, followed by annealing at 600
• C for 3 days. Neutron single crystal diffraction experiments were performed at the HB-3A four circle diffractometer 19 at the High Flux Isotope Reactor (HFIR) and at the Cold Neutron Chopper Spectrometer (CNCS) 20 at the Spallation Neutron Source (SNS) both at Oak Ridge National Laboratory. INS measurements were done using the thermal triple-axis spectrometer HB-1 at HFIR and at CNCS. At HB-3A, measurements were done using a neutron wavelength of λ = 1.003Å (Si-331 monochromator). At HB-1 a neutron wavelength of 3.20Å was chosen with a PG-002 monochromator. The incident wavelength at CNCS was λ = 1.80Å. The coefficients of linear thermal expansion α(T ) = (1/L)(dL/dT ) were measured using the dilatometer DL-1500 RHP/DL-1500-H (UCVAC/SINKU). Heat capacity, resistivity and magnetization measurements were carried out using a Quantum Design PPMS.
III. RESULTS AND DISCUSSION
Our single crystal exhibits an anomaly in its temperature dependence of the dc resistivity ρ(T ) similar to that published earlier in Refs. 13,16. For temperatures above 160 K, the resistivity in all three high-symmetry directions increases monotonically with temperature. In the range 20 − 160 K the resistivity curves, especially measured along the c direction, exhibit a broad hump (not shown here, see Fig. 9 in Ref. 16 ). High-resolution measurements of the thermal expansion along the orthorhombic a, b and c axes reveal more pronounced anomalies. A steplike decrease of the α a and α b coefficients occurs around T t upon cooling whereas α c slightly increases, see Fig. 1a . As one can see in Fig. 1b a small but noticeable peak in the heat capacity curve is also visible at T t . Additional heat capacity measurements show that the anomaly has no magnetic field dependence. Also, the inverse magnetic susceptibility curve does not show any peculiarities around 160 K (Fig. 1c) . Thus, a magnetic origin of the observed phenomena seems unlikely. Rather, these observations suggest the presence of a temperaturedriven structural phase transition in Y 3 Co at T t ≃ 160 K. Concerning the magnetic properties of Y 3 Co, the determination of basic mean-field parameters such as paramagnetic moments and the Curie-Weiss temperature is difficult (if not meaningless) because Y 3 Co does not follow a Curie-Weiss law over any long temperature interval. This question was discussed in past, see for example Ref. 16 .
First, we use elastic neutron scattering to explore structural transformations. Using the CNCS time of flight spectrometer we acquire multiple datasets for different orientations of the crystal and combine them in software to fully map out the scattering function S(Q, E) in a large Q region. A sector of 100 degree rotation with 1
• step using (hk0) scattering plane was recorded in total. A number of weak reflections were observed in the diffraction pattern measured at T = 120 K which are absent at T = 170 K, as demonstrated in Fig. 2a . The data were obtained by integration in the h direction from 2.95 to 3.05 reciprocal lattice units (r.l.u.) and in energy transfer from -0.1 to 0.1 meV. These reflections violate the extinction rules for the Bragg reflections in P nma space group. Fig. 2b shows a typical temperature dependence of the integrated peak intensity of one of the strongest forbidden reflections. The observation of a few very weak, symmetryforbidden reflections stimulated further investigations using the four circle neutron diffractometer HB-3A. A total of 577 and 664 reflections were collected at T = 180 K and 120 K, respectively. A structure refinement of the diffraction data was carried out with the Jana2000 program, 21 the details are presented in Table I . Our criteria in choice of the model were i) fulfillment of symmetry conditions of a space group and ii) quality of the refinement defined by the conventional parameters:
Here F o and F c are observed and calculated structure factors, w is the weight 1/σ(F o ) 2 , n is the number of reflections and p is the total number of refined parameters.
The orthorhombic P nma crystal structure with lattice parameters a = 7.024(5)Å, b = 9.429(6)Å and c = 6.358(5)Å was confirmed for the high temperature phase. From 577 reflections measured at 180 K only 6 weak observations (I < 3σ(I)) are rejected as systematically extinct. Also the R-values of refinement are good. In this structure twelve yttrium ions per unit cell occupy two nonequivalent positions, 4c (Y1) and 8d (Y2). Four Co ions are located at the 4c position within the trigonal prisms formed by yttrium ions. The prisms are interconnected through edge-and corner-sharing to form layers as shown in the insert of Fig. 2b .
From 664 reflections measured at 120 K 90 significant observations (I > 3σ(I)) are rejected as systematically extinct. Therefore, though the R-values of refinement in the P nma space group are acceptable, the resulting parameters correspond only to the average structure. The fine details of the structural distortion at T t can be extracted only when the symmetry conditions satisfying the new reflections are taken into account. All reflections can be indexed only in the lowest symmetry group P 1. However, the number of relevant peaks and their intensities are at present insufficient for a full structure determination. The atomic coordinates and isotropic displacement parameters obtained for different space groups are summarized in Table II. It turns out that the measured integrated intensities at T = 120 K could best described within the space group P 2 1 2 1 2 1 . Here the R-values are higher than for the P nma and P 1 models, but advantage of the P 2 1 2 1 2 1 (1) model is that almost all reflections are taken into account and changes of the structure from the P nma model can be easily followed. Fig. 2c -d present the Y-Co bonds within one layer. The Co and Y1 atoms have almost the same positions in the P nma and P 2 1 2 1 2 1 models, whereas the Y2 position is split into the Y2a and Y2b sites in P 2 1 2 1 2 1 and these atoms are shifted maximal in c (by ≈0.05Å) and minimal in b (by ≈0.02Å) from the average position. The main consequence of the structural transition is spanning of the Co-Y2a, Co-Y2b interatomic distances, their variation reaches almost 5%, see Table III . A possible origin of the temperature-driven structural phase transition observed in Y 3 Co will now be discussed. To understand the phase stability of the Y 3 Co hightemperature structure, it is essential to know the lattice dynamics of the P nma phase. It is well known that at high temperatures a number of elements and intermetallic compounds adopt energetically unstable crystal structures. For example, the transition metals of groups III and IV are stable in a bcc phase at high temperatures and transform to hcp upon lowering the temperature.
22
They exhibit one or several dynamically unstable phonon modes which are characterized by imaginary harmonic frequencies. 23 These phonon modes are dynamical precursors of the ionic displacements and cause the transition when the temperature is lowered. To check for such a scenario we have studied the dynamical stability of the P nma structure of Y 3 Co at T = 0 K. First-principles calculations were performed using the Vienna ab initio simulation package (VASP) 24 based on projector augmented wave (PAW) pseudopotentials 25 within the generalized gradient approximation (GGA) as parameterized by Perdew, Burke, and Ernzerhof (PBE). 26 After careful convergence tests, a plane wave cutoff energy of 400 eV and an 11 × 11 × 11 k-point Monkhorst-Pack mesh 27 for the 16-atom unit cell of Y 3 Co were found to be sufficient to converge the total energy to better than 1 meV/atom. The resulting optimized lattice constants (a = 6.9801Å, b = 9.4894Å, c = 6.2810Å) are in good agreement with our experimental values, within ∼ 0.6 − 1%. Phonon spectra were computed by means of the supercell approach with the finite displacement method 28 realized in Phonopy package. 29 We used the 128 atomic 2 × 2 × 2 supercell created from the optimized primitive unit cell. The computational cost of these calculations becomes unreasonable high, due to the low symmetry, if a larger cell is considered.
The PAW-GGA-DFT based energy bands along highsymmetry directions of the Brillouin zone and DOS of Y 3 Co are shown in Fig. 3 . As evident from the Fig. 3 , energy bands around E F arise mainly due to Y 4d and Co The calculated phonon dispersion relations with 48 phonon branches along various high-symmetry directions in the Brillouin zone and the corresponding phonon density of states (PDOS) are shown in Fig. 4 . The calculated PDOS reproduces well the frequencies of the peaks and shoulders of the experimental data. We do not observe a statistically significant difference between PDOS taken at temperatures above and below the phase transition. However, as one can see in Fig. 4 the resulting phonon band structure of the P nma phase exhibits a clear instability, evidenced by the appearance of the imaginary phonon frequencies (represented in Fig. 4 as negative values) of the lowest acoustic branch in the [00ξ] direction with ξ < 1/4. Analysis of the eigenvectors of the unstable acoustic phonon mode shows that the polarization vector is polarized along the [0ξ0] direction. This suggests that the Y2a and Y2b ions of the Co-Y2-Co layer-connected chains displace in opposite directions, towards the structure stabilized at low temperature.
We further focus on the predicted dynamically unstable [00ξ] acoustic mode at temperatures above and below the phase transition. We constructed intensity contour maps based on a series of constant-energy scans obtained at the triple-axis spectrometer HB-1, see Fig. 5 . A strong reduction of the (00ξ) phonon mode intensity below a critical temperature T t is clearly seen. phonon intensities measured at different temperatures the data were corrected by the Bose population factor
According to the calculated phonon dispersions the INS spectrum in [00ξ] direction at energy transfer E < 5 meV comprises two acoustic modes including dynamically unstable one. These modes cannot be resolved in our measurements due to finite resolution but at T = 180 K can be modeled by two resolution limited Gaussians, see Fig. 6 . Lowering the temperature to 120 K we found that the lower Gaussian is almost vanished whereas upper mode is unaffected. The peak broadening was not observed in our measurements. This indicates that indeed the transversal acoustic (TA) low-energy [00ξ] phonon branch is unstable and vanishes at temperatures below the phase transition.
Overall, we can argue that (i) the anomaly in heat capacity which happens at the same temperature T t ≃ 160 K as an anomalous thermal expansion along c, (ii) the maximal shift of the Y2a and Y2b in c direction in comparison with a and b and (iii) unstable low-energy [00ξ] phonon branch, indicate of the lattice instability along c direction. Comparing our results with those from known CDW compounds with low-dimensional electronic bands we find qualitative similarities. Most of the CDW systems have anomalies in the thermodynamic properties at their critical temperature T CDW . For instance, the transitions in a strong interchain coupled CDW systems R 5 Ir 4 Si 10 are characterized by a sharp jumps in the susceptibility and the resistivity as well as by narrow cusp in the specific heat.
3, 4 We can therefore speculate that the observed structural distortions at T t in Y 3 Co also cause the reduction of the electronic bands dimensionality and a decrease of DOS at the Fermi level.
We should also note that our recent single crystal neutron diffraction measurements on the Tb 3 Co intermetallic compound reveal a superstructure pattern similar that was found in Y 3 Co. 31 We suggest that some other members of the R 3 Co series (or even all of them) have ground state crystal symmetry lower than P nma.
IV. CONCLUSIONS
To summarize, using advanced neutron scattering techniques, we were able to analyze the temperature-driven structural transition in the Y 3 Co and to determine the basic distortions occurring at critical temperature T t . Using inelastic neutron scattering data and ab initio calculations we have shown that at low temperatures the P nma orthorhombic structure has a dynamically unstable transversal acoustic phonon mode, which induces the ionic displacements. We argue, the structure transformation causes the reduction of dimensionality of electronic bands and decreases the DOS at the Fermi level that places this system among the CDW materials. Thus, our results support the theoretical conclusion that CDW formation cannot be a purely electronic effect 9, 10 . It generally relies on the lattice distortion as an essential element and requires a strong q-dependent electron-phonon coupling.
